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SUMMARY
1. Whole-cell recordings were made from interneurones located within CA3
stratum radiatum of neonate rat hippocampal slices. All experiments were performed
in the continued presence of tetrodotoxin (1 ,M) and bicuculline (5/M) to permit the
isolation of spontaneous miniature excitatory synaptic currents (mEPSCs).
2. Two distinct populations of interneurones were identified based on current-
voltage relations of kainate and the kinetic properties of spontaneous mEPSCs.
These cell types were classified as type I and type II interneurones.
3. The I-V relation of kainate in type I cells was linear or modestly outwardly
rectifying. Currents reversed polarity close to 0 mV. The kainate I-V relationship in
type II interneurones was strongly inwardly rectifying with little or no outward
current passed at potentials up to + 50 mV.
4. Spontaneous mEPSCs were observed at a low frequency. At -70 mV mEPSCs
received by type I interneurones had fast rise times (- 1 ms) and decay time
constants (- 5 ms) and were mediated by a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) receptors. Miniature EPSCs on type I interneurones reversed
polarity at 0O mV. At + 50 mV the kinetics of the mEPSCs on type I interneurones
were slowed and comprised both AMPA and N-methyl-D-aspartate (NMDA)
receptor-mediated components as revealed by their sensitivity to 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) and D-2-amino-5-phosphonovaleric acid
(D-APV).
5. The kinetics of spontaneous mEPSCs on type II cells were slower than their
type I counterparts at -70 mV. Spontaneous mEPSCs received by type II
interneurones showed extreme inward rectification with no cells possessing fast
events at + 50 mV. In a few cells slowly rising and slowly falling spontaneous
mEPSCs were observed at positive holding potentials. These events were abolished
by D-APV and were therefore mediated solely by NMDA receptor activation.
6. Type I or type II interneurones filled with Lucifer Yellow or biocytin possessed
similar morphologies. Both cell types were typically large triangular cells with three
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to six branching dendrites often possessing varicosities. The dendrites of these
interneurones arborized throughout strata radiatum, pyramidale, oriens and the
molecular layer of the dentate gyrus.
7. In the majority of interneurones (both type I and II) the rise times of
individual mEPSCs were correlated with their half-width and decay time constant,
suggesting that the shape of the mEPSC is in part determined by the dendritic origin
of the synaptic input.
8. The interneurone population within CA3 stratum radiatum is thus hetero-
geneous with respect to glutamate receptor expression. The inward or outward
rectification observed in the two cell types for both exogenous kainate and excitatory
synaptic receptors is likely to be due to expression of different glutamate receptor
subunits.
INTRODUCTION
Hippocampal interneurones located both in CA3 stratum radiatum and the
oriens/alveus ramify extensively throughout the cell body and dendritic layers of
stratum pyramidale (Lorente de No, 1934; Ramon y Cajal, 1968). Virtually all these
cells stain for glutamate decarboxylase (GAD), the synthesizing enzyme for the
inhibitory neurotransmitter y-aminobutyric acid (GABA) (Ribak, Vaughn & Saito,
1978; Ribak, Vaughn & Barber, 1981; Somogyi, Smith, Nunzi, Gorio, Takagi & Wu,
1983; Frotscher, Leranth, Lubbers & Oertel, 1984) and are presumed to be inhibitory
in nature. It is likely that these interneurones are responsible for the barrage of
inhibitory input received by CA3 pyramidal neurones (Miles & Wong, 1984, 1987;
Miles 1991; McBain & Dingledine, 1992). This inhibition appears to be sufficiently
strong to limit the spread of synaptic excitation within the hippocampus (Miles &
Wong, 1987; Traub, Miles, Wong, Schulman & Schneiderman, 1987; Swann, Brady
& Martin, 1989). In return CA3 interneurones receive excitatory input from recurrent
collaterals of pyramidal cells (Miles & Wong, 1984), mossy fibres of dentate granule
cells (Frotscher, 1985) and extrinsic hippocampal afferents (Andersen, 1975; Loy,
1980; Buszaki & Eidelberg, 1982; Frotscher & Zimmer, 1983; Frotscher et al. 1984).
Anatomical studies indicate that these excitatory synapses impinge onto the soma
and proximal dendrites of hippocampal inhibitory cells (Frotscher, 1985;
Schwartzkroin & Kunkel, 1985; Seress & Ribak, 1985; Kisvarday, Martin, Freund,
Magloczky, Whitteridge & Somogyi, 1986; Lang & Frotscher, 1990). Unlike
excitatory synapses on pyramidal neurones, excitatory synapses on most hippo-
campal interneurones are not onto dendritic spines, at least in the guinea-pig
(Frotscher, 1985; Schwartzkroin & Kunkel, 1985; Seress & Ribak, 1985). To date
most studies of hippocampal interneurones have been performed on a mixed
population of cells derived from the alveus, stratum oriens and stratum radiatum. A
detailed study of the interneurones located solely within stratum radiatum has not
been reported.
It is generally accepted that glutamate is the major excitatory neurotransmitter
released onto interneurones (Storm-Mathisen, Leknes, Bore, Vaaland, Edminson,
Haug & Ottersen, 1983). Little is known, however, about the identity of the
excitatory receptors on CA3 stratum radiatum interneurones (see Miles, 1991).
Evoked excitatory postsynaptic currents (EPSCs) on guinea-pig interneurones of
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CA3 stratum radiatum and alveus (Miles, 1991) appear to be larger and faster when
compared to those events observed on CA3 pyramidal neurones (Miles & Wong,
1984). This observation was attributed to the different cable properties of the two cell
types (Miles, 1991).
To date four genes have been identified that encode AMPA receptor subunits
(Boulter, Hollmann, O'Shea-Greenfield, Hartley, Deneris, Maron & Heinemann,
1990; Keinanen, Wisden, Sommer, Werner, Herb, Verdoorn, Sakmann & Seeburg,
1990; Nakanishi, Shneider & Axel 1990; Sakimura, Bujo, Kushiya, Araki, Yamazaki,
Meguro, Warashina, Numa & Mashina, 1990), each of which is expressed in at least
two splice variants (Sommer, Keinanen, Verdoorn, Wisden, Burnashev, Herb,
Kohler, Tagaki, Sakmann & Seeburg, 1990). Glutamate receptors expressed in
Xenopus oocytes or mammalian cell lines from combinations of GluR1, GluR3 and
GluR4 exhibit strong inward rectification, whereas incorporation of the GluR2
subunit causes the kainate current-voltage (I-V) relation to become linear or
outwardly rectifying (Boulter et al. 1990; Nakanishi et al. 1990). It is likely that the
biophysical and pharmacological properties of the native non-NMDA receptors on
hippocampal cells will also depend on the particular subunit combinations expressed.
The distribution of AMPA receptor subunit mRNAs shows marked regional
heterogeneity throughout the developing hippocampus (Monyer, Seeburg & Wisden,
1991; Werner, Voigt, Keinanen, Wisden & Seeburg, 1991). Most non-NMDA
receptors studied in hippocampal neurones have an approximately linear I-V
relationship (Mayer & Westbrook, 1987; Hestrin, Nicoll, Perkel & Sah, 1990; Sah,
Hestrin & Nicoll, 1990; McBain & Dingledine, 1992). In cultured hippocampal
neurones, however, an unidentified cell type has been described which showed a
sigmoidal kainate I-V relationship (Jino, Ozawa & Tsuzuki, 1990; Ozawa, Jino &
Tsuzuki, 1991).
We have made whole-cell voltage clamp recordings from neurones with non-
pyramidal morphology that are located in stratum radiatum of CA3 of immature rat
hippocampal slices. We have broadly characterized these interneurones into two
major populations based on EPSC kinetics and responses to the AMPA receptor
agonist, kainate. A preliminary report of some of these findings has been made
(McBain & Dingledine, 1991).
METHODS
Rat hippocampal slices (300 ,um thick) from Sprague-Dawley rats killed by decapitation were
prepared as described previously (McBain & Dingledine, 1992). Most recordings were made from
8- to 15-day-old rats, although a few cells were recorded from earlier ages. Slices were held in a
submerged chamber and perfused at a rate of 1-2 ml/min with the following medium (mM): NaCl,
130; NaHCO3, 24; KCl, 3-5; NaH2P04, 1-25; CaCl2.2H20, 1-5; MgS04.7H20, 1 5; glucose, 10;
saturated with 95% 02-5% CO2 (pH 7 4, 307 mosmol/l) at 22-25 'C. All drugs were bath applied
in known concentrations by direct addition to the perfusate. Unless stated otherwise, all
experiments were performed in the presence of tetrodotoxin (1 /UM) and bicuculline methobromide
(5 /uM) to eliminate EPSCs triggered by action potentials and most inhibitory synaptic currents
respectively.
Tight-seal (> 1 GQ) whole-cell recordings (Hamill, Marty, Neher, Sakmann & Sigworth, 1981;
Edwards, Konnerth, Sakmann & Takahashi, 1989) were obtained from the cell bodies of sixty-one
interneurones in stratum radiatum of CA3. Patch electrodes were fabricated from borosilicate glass
and were typically not fire-polished. They had resistances of 3-8 MQ when filled with (mM):
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caesium methanesulphonate, 140; Hepes, 10; MgCl2, 2 (buffered to pH 7-3 with CsOH,
275 mosmol/l). Lucifer Yellow (0 3 %) or biocytin (0 7%) was usually included in the recording
electrode to allow observation of cell morphology. Electrodes were typically coated with Svlgard
(Dow Corning Corporation). The electrode was positioned under visual control within the stratum
radiatum ofCA3; individual cells were visualized using an Hoffman objective (overall magnification
600 x ). Interneurones were usually located in CA3b. Breakthrough to the whole-cell mode was
performed under current clamp in order to provide an initial evaluation of the passive membrane
and action potential properties of the interneurone. Cells possessing an initial resting potential
more negative than -50 mV (mean, -60+ 1-5 mV; n = 42) and overshooting action potentials
were accepted. The dialysis of the neurone by Cs' usually resulted in the cell stabilizing at a more
positive potential. In addition cells that fired action potentials on the anode break were discarded.
Interneurones were then voltage clamped at -70 mV unless stated otherwise in the text. CA3
stratum radiatum interneurones had input resistances ranging from 100-1000 MQ (mean + S.E.M.,
490 + 30 MQ; n = 42) at this holding potential. The measured membrane capacitance was
43+ 3-7 pF (n = 27). Occasionally glial cells were encountered, identified as such by their high
resting potential ( >-70 mV), lower input resistance ( - 200 MQ), and absence of spikes.
All currents were recorded with an Axopatch-lD amplifier (Axon Instruments, USA); records
were filtered at 2 or 3 kHz (-3 dB) and digitized at 3-30 kHz on a 80486 computer. Signals were
also stored on FM tape (5 kHz bandwidth) for off-line analysis. The steady-state I-V relation of
bath-applied kainate was obtained by measuring the current at the end of 250-1000 ms voltage
steps applied in -10 mV increments at 10 s intervals. A holding potential of + 50 mV was selected
for these studies to inactivate most voltage-dependent currents. I-V relations were obtained prior
to, during addition and following removal of kainate. The mean of control and recovery I-V
relations was then subtracted from that in kainate. The kainate conductance ratio was determined
by dividing the slope conductance of the I-V relation measured between + 50 and + 40 mV by the
slope conductance measured between -50 and -40 mV.
Individual mEPSCs were identified visually and accepted for analysis if the mean current
associated with the event was significantly different from that of an equivalent length of pre-event
baseline. The 10-90% rise time was calculated by linear regression over the appropriate data
points. Measurements of the decay time constant of synaptic currents represent the mean of at least
fifteen individual events from each cell and were fitted by the sum of one or two exponential
components (simplex algorithm, least-squares criteria). In some experiments to increase the
spontaneous mEPSC frequency the bathing solution was made hyperosmotic by the addition of
100 mosmol/l mannitol (Bekkers & Stevens, 1989; McBain & Dingledine, 1992).
For measurements of membrane and dendritic time constants, electrotonic pulses (100 pA,
duration 100-1000 ms) were delivered at 05-1 Hz in current clamp mode. The voltage deflection
was digitized at 30 kHz. The electrotonic length was calculated from the equation:
L = 7T [((T./T.o) 1-)1/2]
where L is the electrotonic length, and Tm and T. the membrane and fast dendritic time constants
respectively (Rall, 1969; Johnston & Brown, 1983).
The series resistance typically ranged from 10 to 30 MQ (mean, 25 + 1-4 MQ, from a sample of
twenty-seven interneurones). The amplitude of the excitatory synaptic currents was never in
excess of 60 pA, thus a series resistance of 25 MQ would result in a DC series resistance error of no
greater than 1-5 mV. Membrane potentials were not corrected for these errors. In contrast, the large
currents induced by kainate at potentials more negative than -60 mV can result in significant
series resistance error. This probably accounts for the bending of some I-V relations between -60
and -80 mV (e.g. Fig. 2A), which we consider artifactual. No combination of glutamate receptor
subunits expressed in oocytes from cDNAs displays this form of rectification.
All data are represented as the means + standard error of the mean. Where appropriate an
unpaired Students t test was performed.
Drugs used were tetrodotoxin (TTX, Sigma, St Louis, MO, USA). bicuculline methobromide
(Sigma), D-2-amino-5-phosphonovaleric acid (D-APV, Cambridge Research Biochemical,
Cambridge, MA, USA), 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX, Tocris Neuramin, Essex),
Lucifer Yellow dipotassium salt (Sigma), kainic acid (Sigma) and biocytin (Sigma).
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RESULTS
Passive membrane properties
Whole-cell recordings were made from a total of sixty-one stratum radiatum
interneurones. Based on pharmacological properties and the kinetic properties of the
spontaneous miniature EPSCs, interneurones could be classed into two cell types
which we will subsequently refer to as type I and type II (see below). Recordings
were made from a total of forty-seven type I and fourteen type II interneurones. The
lower number of type II interneurones encountered probably reflects their low
density rather than recording difficulties, since the quality of recordings made from
both cell types were comparable. The resting membrane potential and input
resistances ofboth cell types were not significantly different from each other (Table 1)
and were comparable to data obtained from CA3 pyramidal neurones recorded
under similar conditions (McBain & Dingledine, 1992). The membrane I-V relation
in the absence of agonists was essentially linear for both type I and type II
interneurones (not shown). An accurate estimation of the electrotonic length was
obtained from seven type I and two type II interneurones. Type I interneurones
possessed a mean electrotonic length of 0-6+ 0-06. The two type II interneurones had
electrotonic lengths of 0-6 and 0-2. These data are also comparable to the electrotonic
length of CA3 pyramidal neurones from animals of the same age range (0-52, McBain
& Dingledine, 1992).
Type I interneurones
The classification of these cells into two main types was determined by their
different I-V relations to kainate together with the I-V properties of their
spontaneous mEPSCs.
Kainate I-V relation
At negative holding potentials all cells tested responded to kainate (30-100 ,um)
with a non-desensitizing inward current. The current-voltage relationship of a type
I interneurone to kainate is illustrated in Fig. 1A. The kainate current reversed
polarity at + 4-3+ 0-8 mV (n = 40 neurones). Many cells demonstrated modest
outward rectification. The ratio of slope conductance measured at positive and
negative potentials permits comparison of the degree of rectification among a
population of cells. A conductance ratio of unity occurs for a linear I-V relation,
whereas a ratio greater than unity is indicative of an outwardly rectifying current
and a ratio of less than one indicates inward rectification. The mean conductance
ratio of kainate currents in type I cells was 1-25 + 0-06, measured at + 45 and
-45 mV.
Kinetics of spontaneous mEPSCs
In the presence of tetrodotoxin (1 /LM) and bicuculline (5 /LM) mEPSCs were
detected. Although both cell types received mEPSCs at a low frequency (range,
0 1-5 Hz; mean, 1 4+ 0-4 Hz; n = 10 cells in the absence of mannitol) the properties
of these mEPSCs markedly differed in the two cell types. Miniature EPSCs received
by type I interneurones were typically larger at -70 mV and possessed faster
kinetics than those received by type II interneurones (Table 1).
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Fig. 1. I-V relation of kainate and spontaneous mEPSCs in a type I interneurone. A,
modest outward rectification of the I-V relation of 100,M kainate. In this interneurone
the ratio of slope conductance measured at +45 and -45 mV was 1 2. Kainate current
reversed polarity at 0 mV. B and C, spontaneous mEPSCs recorded in the presence of
TTX and bicuculline. At a holding potential of -70 mV EPSCs were inward-going and
clearly discernible from the baseline noise. In this interneurone the mean amplitude, rise
time and decay time constant (Tdecay) were 8-5 pA, 1-4 and 3-2 ms respectively. Holding the
cell at + 50 mV reversed the polarity of the EPSC. At + 50 mV the EPSC was dominated
by a large slowly rising and decaying second component. The mean amplitude, rise time
and decay time constant of the EPSCs at + 50 mV were 18 pA, 2-1 ms and 27 ms
respectively.
TABLE 1. A comparison of the resting membrane properties and spontaneous mEPSCs of
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0-60 +0-06 (n = 8)
18+2-5 (n = 25)
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-65±2-8 (n = 14)
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-59+2-2 (n = 39)
411 +42
48±5-2 (n = 23)
0-52+003 (n = 6)
18±+ 23 (n = 28)
25+0.2*
16+1-6*
25±5-7 (n = 11)
72+1-1*
77 + 18*
Numbers in parentheses represent the number of cells used.
* Significantly different from type I interneurones (P = 0 05).
t Data taken from McBain & Dingledine (1992).
Only three of fourteen cells possessed EPSCs at positive potentials, see text for details.
To investigate the I-V relation of spontaneous mEPSCs, at least fifteen (usually
50-200) events were captured and aligned on the foot of each mEPSC and digitally
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Miniature EPSCs in type I cells were detected at both potentials, as shown by the cell
in Fig. lB and C. At a holding potential of -70 mV, mEPSC rise times ranged
between 0-5-2 5 ms (Table 1) and the mean half-width was 5 8 + 0A4 ms (n = 25 cells).
The decay phase of mEPSCs at -70 mV was described by a single exponential with
A B
Control Control
+50 mV +50 mV





-70 mV -70 mV
Control Control
Fig. 2. NMDA and AMPA receptor components of spontaneous mEPSCs in type I
interneurones. A and B, a single neurone voltage clamped at -70 and + 50 mV
demonstrates that spontaneous mEPSCs on type I interneurones comprise both NMDA
and non-NMDA receptor-mediated components. The slice is perfused with TTX (1 gM)
and bicuculline (5/aM). Each trace is the average of 120 events at -70 mV and 50 events
at + 50 mV, aligned at the foot of the rising phase. A, the decay time constants of the
averaged control spontaneous mEPSC at -70 and + 50 mV were best described by single
exponentials with tiine constants 5-1 and 20 ms respectively. D-APV (50 4uM) did not alter
the decay time constant at -70 mV (4-1 ms). Following addition of D-APV, events at
+ 50 mV were described by a single exponential with decay time constant of 6-7 ms. The
peak amplitude of the EPSC at + 50 mV was reduced from 26 pA in control to 23 pA
following addition of D-APV. The rise time of the EPSC was also reduced at + 50 mV by
D-APV, from 2-6 to 1-9 ms. B, in the same neurone voltage clamped at -70 mV, addition
of CNQX (3 /uM) following wash-out of D-APV reduced the peak amplitude of the mean
event (35 pA in control versus 18 pA in CNQX) and caused a slight reduction in mean rise
time (1-8 versus 1-4 ms) and decay time constant (5-2 versus 4-8 ms). At +50 mV addition
of CNQX reduced the peak amplitude (24 versus 12 pA), but increased the decay time
constant (17 versus 34 ms) and rise time (2-6 versus 4-6 ms).
time constant (Tdecay) of 6 ms (Table 1). At +50 mV, mEPSCs in all type I
interneurones were outward and their kinetics were markedly slowed. At this holding
potential mEPSCs were dominated by a prominent slowly rising and decaying
component, which is obvious in the cell shown in Fig. lB. The decay phase of this
slow component was described by a single exponential of - 27 ms (Table 1). The
mean half-width of the events at + 50 mV was 27+4-7 ms. In all seventeen cells
examined, the late slow phase present at + 50 mV was absent at -70 mV (Fig. 2 C),
consistent with the voltage-dependent block of the NMDA receptor by magnesium
ions (Mayer, Westbrook & Guthrie, 1984; Nowak, Bregestovski, Ascher, Herbet &
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Prochiantz, 1984). Assuming that the I-V relation of the mEPSC was linear, the
mean mEPSC amplitudes of -18 and + 16 pA, observed at holding potentials of
-70 and + 50 mV respectively (Table 1), predicts a mean reversal potential of
+2-1 mV. In the same cells the reversal potential of kainate current was similar,
+4-3 mV.
TABLE 2. Effects of CNQX and D-APV on the kinetics of mEPSCs of type I interneurones
Control D-APV (50 #UM) CNQX (3 /tM)
Vhold =- 70 mV
Rise time (ms) 1-3 + 0-2 (n = 6) 0;8+0 2 1P2 + 0-2 (n = 4)
Tdecay (Ms) 4-1+007 441+0 1 4-6+0-5
Vhold = + 50 mV
Rise time (ms) 4-3 + 0-2 (n = 6) 1-8 +0.5* 7-8+0-6 (n = 4)*
Tdecay (Ms) 27-3+5-3 7.3+ 1.9* 58+P17
Numbers in parentheses are the number of cells in study.
* Significantly different from control (P = 0 05).
Pharmacology of mEPSC
Figure 2 shows the effects of both the AMPA receptor antagonist, CNQX and the
NMDA receptor antagonist, D-APV on the kinetics of spontaneous mEPSCs recorded
from a type I interneurone. In all six interneurones tested D-APV was without effect
on the holding current of the cell (cf. Sah, Hestrin & Nicoll, 1989). Figure 2A
illustrates averaged mEPSCs recorded at -70 and + 50 mV following the addition
of D-APV. D-APV (50#M) had no significant effect on spontaneous mEPSCs at
-70 mV but at + 50 mV the slow component of the mEPSC was absent and the rise
time was marginally reduced. The time constant of decay of the mEPSC in D-APV
at both -70 and + 50 mV was best described by a single exponential. These values
were not significantly different (Table 2), suggesting that the decay time constant of
the non-NMDA receptor component remaining in D-APV was not voltage dependent.
This voltage independence is similar to that obtained for spontaneous mEPSCs on
immature CA3 pyramidal neurones (McBain & Dingledine, 1992) and for
Schaffer-commissural synapses onto CAI pyramidal cells (Hestrin et at. 1990), but
not for the mossy fibre synapses onto CA3 pyramidal cells (Brown & Johnston, 1983).
At a holding potential of -70 mV the addition of CNQX (3/M) attenuated the
mean amplitude of the events without affecting the kinetics (Fig. 2 and Table 2). At
+50 mV, however, the mEPSC remaining in CNQX had a slower rate of rise and
prolonged decay (Fig. 2B and Table 2), due presumably to the predominance of the
NMDA receptor component. The decay time constant remaining in CNQX was fitted
by a single exponential that was significantly slower than control (Table 2).
These results are qualitatively similar to those obtained from CA3 pyramidal
neurones (McBain & Dingledine, 1992) and cultured hippocampal neurones (Bekkers
& Stevens, 1989) and indicate that individual miniature mEPSCs in CA3 type I
interneurones could display both NMDA and non-NMDA postsynaptic receptor
components. In contrast to the fast mEPSCs observed on CA3 pyramidal neurones
(McBain & Dingledine, 1992), D-APV did not reduce the mean amplitude of
interneurone mEPSCs at -70 mV.
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Type II interneurones
Kainate I-V relation
Like type I interneurones, type II cells responded to kainate (100 JM) with a
sustained inward current. In contrast to type I interneurones, however, the kainate
response of all type II interneurones displayed strong inward rectification at positive
potentials (Fig. 3A). In this study I-V relations were considered inwardly rectifying
if the conductance ratio measured at + 45 and -45 mV was less than 0'6. In six of
these cells the slope conductance ratio was less than 0-3, and in five cells no outward
current was observed at potentials more positive than 0 mV. The mean conductance
ratio of type II interneurones was 0-24 + 0-07 (n = 14 cells).
A B +50 mV
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Fig. 3. Typical I-V relation of kainate and spontaneous mEPSCs in a type II
interneurone. A, strong inward rectification of the kainate I-V relation. In this cell no
outward current was observed at positive potentials. B, at a holding potential of + 50 mV
no detectable mEPSCs were observed. C, at a holding potential of -70 mV the mean
amplitude, rise time and decay time constant of spontaneous mEPSCs were 15 pA, 4-5 ms
and 15 ms respectively.
Voltage dependence of mEPSCs
Spontaneous mEPSCs on type II interneurones showed markedly different
properties from those observed on type I interneurones. First, as illustrated by the
cell in Fig. 3B, in all ten type II interneurones examined no fast-rising spontaneous
mEPSCs were observed at + 50 mV. Miniature EPSCs in these cells were strongly
inwardly rectifying as was the response to kainate. Due to the small amplitude of
these events (- 10 pA at a holding potential of -70 mV) and low frequency it was
not possible to determine the membrane potential at which these events disappeared.
Second, at a holding potential of -70 mV mEPSCs were generally smaller in
amplitude and possessed slower kinetics than type I mEPSCs. At -70 mV the rise
time of the mEPSCs ranged between 1P1 and 4-7 ms and the half-width was
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154 + 3-2 ms (n = 10 cells). At this holding potential the decay phase of the EPSC
was described by a single exponential of - 15 ms.
The kinetic properties of mEPSCs on type I and II interneurones are compared in
Table 1. The I-V relations of spontaneous mEPSCs observed on both type I and type
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Fig. 4. Pure NMDA receptor-mediated mEPSCs in a type II interneurone. A, strong
inward rectification of the kainate I-V relation in one of the three type II interneurones
possessing EPSCs at positive holding potentials. B, in the same cell spontaneous mEPSCs
were captured at + 50 mV. This cell displayed large (mean, 21 pA) long-lasting mEPSCs,
with mean rise time of 12 ms and the decay time constant of 74 ms. Following the
addition ofD-APV no events were observed at + 50 mV. C, averaged mEPSCs at -70 mV
(n = 150 events) and + 50 mV (n = 65). D-APV (50 /zM) was without effect on the rise
time, amplitude and decay time constant of the averaged EPSC at -70 mV. No events
were detected at + 50 mV in D-APV. D, a comparison of the rising phases of the EPSCs
in B shown on a faster time base demonstrates the lack of the fast EPSC component
(presumably mediated by AMPA receptors) in the events recorded at + 50 mV. At the
time when the fast EPSC (lower trace) has attained its maximum amplitude (1-2 ms) the
EPSC at + 50 mV (upper trace) has reached less than 40% of its peak amplitude.
Pharmacology of mEPSCs
As stated previously the majority of type II interneurones displayed mEPSCs only
at negative holding potentials. In three neurones held at + 50 mV, however, slowly
rising and slowly falling mEPSCs were observed. Figure 4 shows the kainate I-V
relation of one such type II interneurone and the mean spontaneous mEPSCs
obtained from this cell at -70 and + 50 mV. The decay time constant of the
averaged mEPSC at + 50 mV followed a single exponential of 74 ms (Fig. 4C).
D-APV had no effect on mEPSC kinetics at a holding potential of -70 mV, but
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abolished events at + 50 mV (Fig. 4B and C). D-APV also had no effect on the
amplitude (mean, 11-4pA) or the frequency (083Hz) of mEPSCs at negative
potentials. The time scale is expanded in Fig. 4D to compare the rise times of
mEPSCs at -70 and + 50 mV. The fast mEPSC has decayed by - 80% before the
slow mEPSC at + 50 mV has reached its peak.
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Fig. 5. I-V relations of kainate in types I and II interneurones and a CA3 pyramidal
neurone. I-V relations are normalized to the current amplitude at -100 mV (-80 mV for
the pyramidal neurone) for comparisons among the three cell types. In contrast to the
stereotyped shape of the I-V relation in type I and type II interneurones, the CA3
pyramidal neurone illustrates a more complex I-V relation often observed in these cells.
These results suggest that in type II interneurones spontaneous mEPSCs observed
at + 50 mV may be mediated solely by NMDA receptor activation.The absence of
D-APV-insensitive EPSCs at + 50 mV (Fig. 4B) is consistent with inward rectification
of AMPA receptors activated by kainate in these cells (Fig. 4A). These data also
suggest that NMDA and non-NMDA receptors are not necessarily co-localized at the
same synapses since the frequency of fast events at -70 mV was much higher than
that of slow events at + 50 mV. It should be stressed, however, that the majority of
type II interneurones did not possess any mEPSCs at + 50 mV, suggesting that
synapses on these interneurones are devoid of NMDA receptors but instead possess
AMPA receptors capable of passing only inward current. Although we have not
tested the response of type II interneurones to NMDA, the D-APV-sensitive
rumbling of membrane current at + 50 mV, indicative in CA3 pyramidal cells of
tonic NMDA receptor activation (McBain & Dingledine, 1992), is not prominent in
these cells.
A comparison with CA3 pyramidal neurone I-V properties
It is interesting to compare the kainate I-V relations obtained from type I and II
interneurones with those from CA3 pyramidal neurones. Figure 5 shows I-V relations
from the three cell types. In each cell, currents are expressed relative to the current
measured at -100 or -80 mV. Whereas type I and II interneurones usually
displayed either outwardly or inwardly rectifying I-V relations as described above,
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CA3 pyramidal neurones exhibited a variety of degrees of rectification. The I-V
relation ofmost pyramidal cells was approximately linear, but some neurones hadI-V
relations that showed a distinct break in the curve suggestive of mixed inward and
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Fig. 6. The conductance ratios of the kainate I-V relation obtained from types I and II
interneurones and CA3 pyramidal neurones. The ratio of slope conductance measured at
+45 and -45 mV (9+45/9_45) is plotted for all cells studied. Type I interneurones all had
rectification indices close to or greater than unity (mean, 1P25± 006; n = 30). The
majority of these cells displayed outwardly rectifying curves as depicted in Figs 2 and 6A.
All type II interneurones had a rectification index less than one (mean, 0 24 + 0 07; n =
14). In contrast the mean rectification index of CA3 pyramidal cells was close to unity
(mean, 0-92+0-02; n = 10).
pyramidal cells was typically intermediate between that of types I and II
interneurones, as shown in the scatter plot of all neurones studied in Fig. 6. A simple
interpretation of these I-V relations is that type II interneurones may express AMPA
receptors that lack the GluR2(R) subunit. The more complex I-V relation of some
CA3 pyramidal neurones possibly results from the activation of a mixed population
of inwardly and outwardly rectifying receptors, the relative proportion of which
varies from cell to cell.
Block of kainate currents by CNQX
In all nine type I interneurones tested, the response to 100 /tM kainate could be
reversibly antagonized by the AMPA receptor antagonist CNQX. At a concentration
of 3/M, CNQX blocked 76+ 8-1 % (n = 9) of the current (range of block, 31-100%)
at a membrane potential of -100 mV. The effect of CNQX was not voltage
dependent since kainate currents were reduced by 76 + 9-9% at + 50 mV.
We recorded the effects of CNQX on two type II interneurones possessing some
outward current at positive holding potentials. In both cases the block of the kainate
response by CNQX was greater at negative than at positive membrane potentials. At
membrane potentials of -80 and +50 mV the kainate currents in both cells were
blocked by 75 and 36% respectively.
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We have previously described that CNQX (3,fM) directly depolarizes a small
population of interneurones located in stratum radiatum of CA3 (McBain, Eaton,
Brown & Dingledine, 1992). In this study this effect ofCNQX was observed on only
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Fig. 7. Correlation between the shape indices of spontaneous EPSCs. Half-width (A),
decay time constant (B) and peak amplitude (C) are plotted against the rise time for
268 EPSCs from a single type I interneurone clamped at -70 mV. A close correlation was
found for the plot of the rise time against the half-width (r = 0 7). A weak correlation was
observed for the plots against decay time constant and peak amplitude (r = 0 4 and 0-2
respectively). D, the averaged mEPSC obtained from this cell. The mean parameters were
rise time = 1P7 ms, decay time constant (Tdecay) = 6-5 ms and peak amplitude = 27 pA.
These data suggest that a correlation exists between the rise time and half-width and that
the variety of EPSC shapes can be in part accounted for by dendritic filtering of the
EPSC.
Electrotonic filtering of mEPSCs
Electrotonic filtering contributes to the shape and size of mEPSCs on CA3
pyramidal neurones (McBain & Dingledine, 1992). Dendritic filtering of mEPSCs is
also marked in types I and II interneurones. Figure 7 shows a plot of the decay time
constant, half-width and the peak amplitude as a function of the rise time from 268
individual mEPSCs recorded from a single type I interneurone. In ten of fourteen
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neurones examined (both types I and II), these plots revealed a correlation between
rise time and half-width suggesting that dendritic filtering of the synaptic input
contributes substantially to the mEPSC shape (Rall, 1969). Figure 7C illustrates




Fig. 8. Morphological properties of biocytin-labelled type I and type II stratum radiatum
interneurones. Both type I (A and B) and type II (C and D) stratum radiatum
interneurones share common morphologies. All panels of this figure show cells classified
as non-pyramidal, located within stratum radiatum of CA3, stained with biocytin (0 7 %
and serially reconstructed). All cells are shown in a similar orientation with respect to the
CA3 pyramidal cell layer (marked 'p' in panel A). All interneurones possess large
triangular cell bodies with radially oriented dendrites. The dendrites of these cells branch
often and project into stratum pyramidale, stratum oriens and the alveus together with
terminations within stratum radiatum. The dendrites of type I and type II interneurones
often possessed varicosities (B, C and D). C and D, cells classified physiologically as type
II interneurones possessed similar morphologies to type I interneurones. In these two cells
the dendritic projections wYere laminar and projected into stratum radiatum of CA3/4 and
CAl as well as stratum pyramidale of CA3. Like the dendrites of type I cells, type II
interneurones often possessed varicosities (panels C and D). Scale bar in panel D, 25 ,um
(applies to all panels).
mEPSCs on CA3 pyramids (McBain & Dingledine, 1992), miniature GABAergic
IPSCs on dentate granule cells (Edwards et al. 1990) and EPSCs on hilar
interneurones (Livsey & Vicini, 1992). The lack of correlation between the amplitude
and rise time (Fig. 7C) indicates that filtering is not the only determinant of the
mEPSC amplitude. Recently, Raastad, Storm & Andersen (1992) concluded that the
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variability in amplitude of single fibre EPSCs received by CAI pyramidal neurones
is not adequately described by dendritic filtering of the synaptic current and is more
likely to be explained by variability in quantal synaptic transmission. Possible
explanations include a variable quantal content (Bekkers & Stevens, 1990) or a
mechanism that 'boosts' the response of more distal synapses (Redman & Walmsley,
1983).
Morphology of stratum radiatum interneurones
Intracellular injection of biocytin or the fluorescent dye Lucifer Yellow permitted
post hoc morphological identification of stratum radiatum interneurones following
whole-cell recording. Although the morphologies of these interneurones were quite
divergent, most cells shared common features (Fig. 8). Whereas stratum radiatum
interneurones could be distinguished by pharmacological and kinetic properties (see
above for details) the morphologies of types I and II cells were not strikingly
different and it was impossible to characterize these cells based on morphology alone.
Interneurones did not possess morphologies characteristic of pyramidal neurones
or either stellate or basket interneurones but were reminiscent of the 'short axon'
cells of radiatum described by Lorente de No (1934) and later by Lang & Frotscher
(1990). The cell bodies of these cells were usually 20-40,tm in diameter. These cells
had four to six divergent dendritic processes which often projected radially from the
cell body for several hundred micrometres (Fig. 8A and B). The dendritic orientation
of these cells was highly variable. Dendrites typically ramified and terminated
throughout stratum radiatum and pyramidale (Fig. 8A and B), sometimes extending
into the molecular layer and hilus of the dentate gyrus (Fig. 8C and D). Dendrites
often possessed numerous swellings or varicosities thought to be characteristic of
dendritic growth (e.g. Fig. 8B, C and D) (Schlander & Frotscher, 1986).
DISCUSSION
Heterogeneity in excitatory synaptic receptors
These results can be most easily explained if one assumes that the spontaneous
mEPSCs received by type I and type II interneurones are mediated by different
glutamate receptors. The difference between types I and II interneurones in the shape
of their kainate I-V relations might be accounted for by the presence of edited GluR2
subunits in the AMPA receptors of type I but not type II cells. Of the known
glutamate receptor subunits, only GluRt, GluR3, GluR4 or their combinations
(Boulter et al. 1990; Nakanishi et al. 1990), and GluR6(Q621) (Dingledine, Hume &
Heinemann, 1992), form strong inwardly rectifying receptor channels. Co-assembly
of these glutamate receptor subunits with edited (Sommer, Kohler, Sprengel &
Seeburg, 1991) GluR2 subunits converts the I-V relation from inwardly rectifying to
linear or modestly outwardly rectifying (Boulter et al. 1990; Sakimura et al. 1990;
Nakanishi et al. 1990; Hume, Dingledine & Heinemann, 1991; Verdoorn, Burnashev,
Monyer, Seeburg & Sakmann, 1991). It is unlikely that GluR6 contributes to inward
rectification in type II cells since the EC50 of kainate is approximately 1 UM in
homomeric GluR6(R621) receptors (Egebjerg, Bettler, Hermans-Borgmeyer &
Heinemann, 1991), whereas in this study 100 JtM kainate did not produce a maximum
response in type II cells (data not shown).
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Miniature EPSCs on type I interneurones, like CA3 pyramidal neurones (McBain
& Dingledine, 1992), CAI pyramidal neurones (Hestrin et al. 1990), CAI interneurones
(Sah et al. 1990) and cultured hippocampal neurones (Bekkers & Stevens, 1990), are
mediated by AMPA and NMDA receptors co-localized at the same synapse. The
majority of type II interneurones seem to possess AMPA receptors capable of passing
current only at negative membrane potentials, however, and most of these cells
appeared to be devoid of synaptic NMDA receptors. Jino and co-workers have
described an as yet unidentified small 'elliptical' hippocampal neurone in culture
which they termed a 'type II' cell, whose I-V relation shows some degree of inward
rectification. The kainate-activated receptors on these cells showed high calcium
permeability (Jino et al. 1990; Ozawa et al. 1991). It is possible that the cell type
described by Jino et al. (1990) is the stratum radiatum type II interneurone described
in this study. However, in contrast to the cell type described by Jino et al. (1990)
many of our type II interneurones did not show any outward current at potentials
up to + 60 mV.
Kainate currents and mEPSCs on both type I and type II interneurones are
blocked by CNQX, indicating postsynaptic receptors of the AMPA type on both
interneurones. It is necessary to consider whether very poor voltage control could
account for the observed inward rectification in type II cells. It is clear that voltage
control is not maintained well over distal regions of either type I or type II
interneurone (Fig. 7A and B), as is the case for CA3 pyramidal neurones (McBain &
Dingledine, 1992). We do not think this explanation adequate to account for the
difference between type I and type II cells, however. The series resistance was
approximately equal for recordings from both cell types (25 + 14 MQ in 25 type I
cells, and 18 + 3 9 MQ in 7 type II cells). Moreover, inadequate voltage clamp does
not manifest itself as strong inward rectification when the membrane I-V relation is
nearly linear. Indeed, in several type I cells with poor input resistance (< 100 MQ)
and therefore probably poor voltage control, the observed reversal potential of
kainate currents was very positive (> 25 mV), yet the I-V relation was still nearly
linear. None of these cells has been included in this paper. We conclude that the
observed inward rectification in type II interneurones is more likely to be a property
of the AMPA receptors themselves. Indeed, inwardly rectifying current-voltage
relations to kainate have also been observed in outside-out patches pulled from
stratum radiatum interneurones (J. C. McBain & R. Dingledine, unpublished
observations).
Kinetics of mEPSCs on interneurones and pyramidal cells
Interneurones and pyramidal cells located within the CAl region display EPSCs
with apparently identical kinetics and I-V relations, despite different morphologies
(Sah et al. 1990). As shown in Table 1 and Figs 3-6, this is not the case in the CA3
region. The electrotonic length of type I interneurones is similar to that of CA3
pyramidal cells, but the observed differences in mEPSC kinetics between these two
cell types might be explained partly by differences in the location of excitatory
synapses. Livsey & Vicini (1992) reported that EPSC kinetics on hilar interneurones
that lacked spines were faster than those with numerous spines. Dendritic spines on
type I (or type II) interneurones were not prominent, although no systematic study
was undertaken.
388
EPSCs IN CA3 RADIATUM INTERNEURONES
Differences in glutamate receptor subunit expression may also contribute to the
different mEPSC kinetics in CA3 pyramidal neurones and type I interneurones.
Within the CA3 region the expression of the flop splice variants of glutamate receptor
subunits are confined to non-pyramidal cells (Monyer et al. 1991), whereas CA3
pyramidal neurones express only the flip splice variants. Receptors assembled from
flop-containing subunits may desensitize more slowly in response to glutamate than
those expressing flip (Sommer et al. 1990). Although indirect, these observations are
consistent with faster EPSC kinetics in type I interneurones. A better understanding
of the observed differences in I-V relations and mEPSC kinetics in the different
neurone types awaits a genetic analysis of individual, physiologically characterized
neurones.
Possible functions of excitatory inputs to type II cells
It is unlikely that rectification per se has a significant physiological role in these,
cells, but calcium flux through receptor channels may be substantial. A prominant
feature of receptors assembled from any combination of native or mutant glutamate
receptor subunits that exhibit inward rectification, is that calcium permeability is
high (Hollmann, Hartley & Heinemann, 1991; Hume et al. 1991; Burnashev,
Monyer, Seeburg & Sakmann, 1992; Dingledine et al. 1992). We propose that type
II interneurones may utilize AMPA receptors that permit high calcium influx to
compensate for the lack of synaptic NMDA receptors. A direct test of this hypothesis
requires measurement of the calcium permeability of glutamate receptors on type II
interneurones. Although we have not tested Ca21 permeability directly, in two cells
substitution of 60 mm BaCl2 for 130 mm NaCl in the perfusion solution caused a large
reduction of the kainate current at -80 mV without changing the basic shape of the
inwardly rectifying I-V relation (not shown). This is consistent with findings from
the cloned glutamate receptor subunits (Hume et al. 1991; Dingledine et al. 1992).
Calcium-permeable AMPA receptors would permit substantial postsynaptic
calcium influx without the necessity for the prior depolarization needed by NMDA
receptors. Thus selection of NMDA or type II AMPA receptors would allow neurones
control over the range of membrane potentials at which excitatory synaptic inputs
result in significant calcium influx. Calcium-permeable AMPA receptors could also
endow neurones with the potential for synaptic plasticity without the need for
postsynaptic activation of NMDA receptors, as occurs for long-term potentiation of
mossy fibre synapses onto CA3 pyramidal neurones (Zalutsky & Nicoll, 1990), which
possess few NMDA receptors (Monaghan & Cotman, 1985). We are unaware of
studies of synaptic plasticity in CA3 interneurones, although interneurones in the
CAI region participate in long-term potentiation (Taube & Schwartzkroin, 1987).
The origin(s) of the presynaptic terminals making synapses with type II
interneurones is at present unknown. The two most likely inputs are mossy fibres
from dentate granule cells and recurrent collaterals from CA3 pyramidal neurones.
Mossy fibres form asymmetric excitatory synapses with some CA3 stratum radiatum
interneurones, suggesting a role for these cells in feedforward inhibition and control
of pyramidal cell excitability (Frotscher, 1985). The AMPA receptor component of
mossy fibre synapses (Brown & Johnston, 1983) exhibits a linear I-V relation in
contrast to type II interneurones. To our knowledge there has been no previous
report of AMPA receptor-mediated synaptic currents in the hippocampal structure
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which show such strong inward rectification as seen in typeII interneurones. Further
work is required to elucidate the physiological function of these synaptic currents
anid the origins of the presynaptic terminals innervating them.
W'ewould like to thank Dr Steve Traynelis for generously supplying the data analysis software,
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